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ABSTRACT 
 
Objectives: To investigate the effect of different ceramic powders on the 
microstructure, biaxial flexural strength, hardness and absorption coefficient of resin-
infused zirconia and alumina, to investigate the effect of sintering temperatures on the 
microstructure, biaxial flexural strength, hardness and absorption coefficient of resin-
infused spinel, and to investigate the effect of cyclic fatigue on biaxial flexural strength 
of resin-infused ceramics. 
Materials: Resin-infused zirconia, resin-infused alumina and resin-infused spinel 
Methods: Zirconia powders (TOSOH TZ and Zpex) and alumina powders (Almatis 
and Taimei) were dry-pressed in a stainless steel mold to fabricate ceramic discs. Discs 
were sintered to 1050°C. McMaster-Carr partially sintered alumina rod was cut into 
discs of 1.5 mm thickness. Ceranova spinel discs were divided into two groups sintered 
at two different temperatures (1250°C and 1350°C). Density of each disc was measured 
	 v	
and a total of 8 discs per group were prepared. Specimens were silane treated, and then 
infused with an UDMA mixture under vacuum. Infused specimens were cured with an 
Isopress machine at pressures of 20,001 psi. Biaxial flexural strength was measured 
using an Instron Universal Testing machine at 0.5 mm/min crosshead speed. Another 
group was subjected to cyclic fatigue (50,000 cycles) before biaxial flexural strength 
test. Hardness was tested using vickers microhardness indenter (Buehler Micromat 
2003). Spectrophotometer was used for direct transmission measurements and 
absorption coefficient was calculated. Microstructure of each group was investigated 
with a scanning electron microscope (SEM). The data were analyzed using one-way 
ANOVA and Tukey multiple comparisons. T-test was used to compare biaxial flexural 
strength of each group before and after cyclic fatigue. 
 
Results and conclusions: Using different ceramic powders had no significant effect on 
the biaxial flexural strength and absorption coefficient of resin-infused zirconia. Resin-
infused Zpex zirconia had significantly greater microhardness than resin-infused Tz 
zirconia. Resin-infused MCM alumina had significantly greater biaxial flexural strength 
than resin-infused Almatis alumina. Resin-infused MCM and Taimei alumina had 
significantly greater microhardness than resin-infused Taimei alumina. Resin-infused 
Almatis alumina had significantly greater absorption coefficient than resin-infused 
Taimei alumina. Cyclic fatigue had significantly reduced the biaxial flexural strength of 
resin-infused Tz zirconia, Almatis alumina and spinel 1250 but had no significant effect 
on the rest of the groups. Increasing sintering temperature of resin-infused spinel from 
	 vi	
1250°C to 1350°C had no significant effect on biaxial flexural strength and absorption 
coefficient but it significantly increased the microhardness.  
 
 
PREFACE 
          This thesis is submitted in partial fulfillment of the requirements for the degree of 
Doctor of Science in Dentistry in the Department of Restorative Sciences and 
Biomaterials. The aim of this study was to develop a novel resin-infused ceramic for 
dental restorations. This thesis may be a good reference for further studies by a person 
who is interested in the interpenetrating phase ceramics.  
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INTRODUCTION 
A dentist’s selection of restorative materials depends on the balance between three 
main criteria: strength, accurate fit, and optimal esthetics. Metal restorations fulfill 
these criteria except for esthetic requirements1. Composite resins are available in 
different shades and translucencies that can match the natural tooth structure, but they 
exhibit rapid wear because they are composed of polymer matrix and glass filler2. All-
ceramic restorations have steadily become more popular since clinicians and patients 
demand more esthetic and biocompatible material than typical porcelain-fused-to-metal 
crowns. All-ceramic restorations provide high color stability and low plaque 
accumulation3.  
          Since artificial crowns and restorations are expected to reproduce the depth of 
color, translucency, and texture of natural dentition, all-ceramic restorations that permit 
light transmission are indicated when esthetics is required. While a natural tooth allows 
specular and diffuse light transmission, a metal-ceramic crown permits only diffuse and 
specular light reflection. Restorations that are formed completely from ceramics 
provide the most natural appearing restorations, mainly because of their transmission of 
light. These restorations also permit the incorporation of the color generated by 
underlying tooth structure and surrounding tissues similar to natural dentition. All-
ceramic systems were developed to satisfy esthetic requirements1.  
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          In 1792, de Chamant patented the construction of porcelain teeth and early in the 
next century it was followed by the invention of the porcelain inlay4. In 1903, Dr. 
Charles Land introduced the first feldspathic porcelain crown using the platinum foil 
matrix technique. Sixty years later, McLean and Hughes established the concept of 
adding Al2O3 to feldspathic porcelain to improve its mechanical and physical 
properties5.  
          After that, material developments were based mainly on increasing the 
crystalline phase like leucite (Empress), hydroxyapatite (Cerapearl), mica (Dicor) or 
mixed glass oxides (In-Ceram). Ceramics that are purely crystalline oxide (e.g. Procera 
AllCeram) were used for about 15 years only. Casting (Dicor), pressing (Empress) and 
grinding techniques (CEREC) are all methods used to generate morphology.  
          In the 1970s, Duret invented the use of CAD/CAM techniques for fabrication of 
tooth restorations. Ten years after, Mörmann established the CEREC-system that was 
first marketed by Siemens (now Sirona). The CEREC-system permitted the first 
chairside fabrication of restorations using this technology. Since then, there has been a 
huge acceleration in the development of other CAD/CAM laboratory systems. 
CAD/CAM systems and zirconia enable the production of reliable metal-free 
restorations and various product systems were established in this decade4. 
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Ceramics 
          The word, “ceramics” refers to non-metallic, inorganic materials. They include 
metal oxides, carbides, borides, nitrides and mixtures of them. Whereas the term 
“ceramic” refers to a crystalline material6, porcelain is a mixture of crystal and glass 
elements and the non-crystalline-containing material is just a glass.  
										Ceramics offer excellent esthetic quality, biocompatibility, durability and 
strength7. They are strong in compression but weak in tension. They are brittle and may 
exhibit catastrophic failure after minor flexure. Abrasive wear of opposing natural teeth 
is another disadvantage of ceramics8,9.   
         Ceramics can be translucent or opaque, depending on the glass-crystalline ratio 
and other factors. As the glass content increases the material translucency increases. 
Particle size, particle density, porosity and refractive index also affect translucency.  
 
 
 	
 
 
 
4	
 
Classification of dental ceramics 
          Different ceramic systems, from veneers to multi-unit posterior fixed partial 
dentures, have been introduced recently for indirect restorations. They can be classified 
according to the microstructure, processing technique or by their clinical application. 	
Classification according to microstructure 
1: Glass-based systems (mainly silica) 
2: Glass-based systems (mainly silica) with crystalline phase: 
- Low to moderate leucite-containing feldspathic glass 
- High leucite-containing (approximately 50%) glass, glass-ceramics 
- Lithium disilicate glass-ceramic  
 3: Crystalline-based systems with glass fillers (mainly alumina); Interpenetrating phase 
ceramic  
 4: Polycrystalline solids (alumina and zirconia).  
Classification according to processing technique 
1: Powder/liquid glass-based systems 
2: Machinable or pressable blocks of glass-based systems  
3: CAD/CAM mostly crystalline (alumina or zirconia) systems6,8  
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Zirconia-based ceramics 
          Zirconia is a polymorphic material that has 3 phases. Although pure zirconia is 
monoclinic at room temperature and pressure, when the temperature increases to about 
1170◦C the material transforms to the tetragonal phase. At about 2370◦C10 it again 
transforms to its cubic phase.  
	 Recently, the use of zirconia has increased rapidly in dentistry. This is basically 
not pure zirconia; it is partially stabilized zirconia made by the addition of other metal 
oxides. For dental applications, yettria (3 wt%) is added to pure zirconia6. This gives 
the zirconia a unique physical property called transformation toughening. Addition of 
stabilizing components result in zirconia stabilized in its tetragonal phase at room 
temperature; upon application of external energy it can undergo phase transformation to 
the monoclinic form. The monoclinic phase is 3% to 5% larger and this can help resist 
crack propagation11. Partially stabilized zirconia made it possible to fabricate all-
ceramic fixed dental prostheses that can withstand large functional forces6.  
	 Zirconia is twice as strong and tough as alumina-based ceramics. Zirconia 
flexural strength values range from 900 to 1,100 MPa12,13 and fracture toughness values 
between 8 and 10 MPa, which is significantly higher than any other dental ceramic. 
Zirconia is not etchable and is difficult to bond.  
          Zirconia blocks are available in the form of porous or dense zirconia that can be 
milled to form frameworks, or full contour restorations. Porous blocks are the most 
commonly used. They are milled oversize by about 25% then sintered to full density in 
a 4 to 6 hour long cycle at around 1,300-1,550 °C. Milling of the porous block takes 
6	
about 30-45 minutes for a three-unit bridge. An other approach involves milling a fully 
dense block, which takes 2 hours of milling time per unit. Density and mechanical 
properties of restorations milled from blocks are better in comparison to powder/liquid 
or pressed restorations due to the standardized manufacturing process6 used to make the 
blocks. Full-contour zirconia restorations offer a solution to the most commonly 
reported clinical complication, which is the fracture or delamination of veneering 
porcelain5. 
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Interpenetrating phase ceramic 
          Vita Zahnfabrik, a German company, introduced interpenetrating phase ceramics 
in 1988, with the name VITA In-Ceram14. It is a family of all-ceramic materials with a 
common principle but different strengths; translucencies and fabrication processes 
designed to fabricate veneers, inlays, onlays, crowns, and fixed dental prosthesis. Those 
materials are classified as interpenetrating phase composites15 since they consist of at 
least two phases that are interconnected and extend from the inner to the outer surface. 
This composition resulted in an improvement of the mechanical and physical properties 
relative to the individual components as it offers a crack bridging effect6. The high 
flexural strength reported for this class of ceramics, three to four times higher than 
other classes of dental ceramics, can also be explained by the primarily crystalline 
nature and minimal glassy phase11. 	
          Interpenetrating phase materials are produced by first fabricating a porous matrix 
or a ceramic sponge. In the case of VITA In-Ceram, ceramic matrix can be created by 
slip casting or milled from a pre-sintered block6,16. When the slip casting method is 
used, air entrapment can occur and weaken the core but this is not the case with the pre-
manufactured block11.	Then lanthanum aluminosilicate glass is used to fill the pores by 
capillary action to produce the dense interpenetrating material6. This glass infiltration 
increases the strength based on its effective limitation of crack propagation in the 
ceramic structure. In-Ceram Alumina (Vita) is a high-strength material that has been 
used for crown coping substructures instead of metal17. Its flexural strength is three to 
four times greater than feldspathic and glass ceramic. Feldspathic ceramic (Vitadur, 
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Vita) is used as a veneering material to restore the function and esthetics of natural 
teeth. In-Ceram Alumina underwent extensive investigations in vitro and in vivo. It also 
shows good marginal integrity3. 
          In 1994, the introduction of In-Ceram Spinel overcame the opacity of In-Ceram 
Alumina18. Its framework was composed of a magnesia and alumina mixture 
(MgAl2O4) to improve the translucency of the crown and the esthetics outcome3,18. 
This makes it a desirable restorative material for abutment teeth without 
discolorations3,19. In-Ceram Spinel is more than twice as translucent as In-Ceram 
Alumina because its crystalline phase has a refractive index closer to that of glass. 
Also, the infiltration happens under vacuum to reduce porosity, which can enhance the 
translucency. In clinical situations where translucency is paramount, spinel is a good 
choice11. 
          An increase in crystalline content to improve strength will increase opacity. The 
most translucent in the family is VITA In-Ceram Spinel, composed of an alumina and 
magnesia matrix having a moderately high strength, which makes it suitable for anterior 
crowns. VITA In-Ceram Alumina, composed of alumina matrix, is of higher strength 
and lower translucency in comparison to spinel. It can be used for anterior and posterior 
crowns. VITA In-Ceram Zirconia, composed of alumina and zirconia matrix has the 
highest strength and lowest translucency in the family. It is indicated for three-unit 
posterior fixed dental prosthesis. The high masking ability of the zirconia can be 
 
conveniently used when indicated in some clinical situations19, however it does limit its 
use in an esthetic zone20. 
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          These materials are available in a block form for milling using different 
machining systems. Flexural strengths range from 350 MPa to 450 MPa and 650 MPa 
for VITA In-Ceram Spinell, VITA In-Ceram Alumina and VITA In-Ceram Zirconia 
respectively6.  
          Heffernan et al. compared the translucency of six all-ceramic core materials at 
clinically appropriate thicknesses. They examined the relative translucency of about 0.5 
mm discs made of the following materials: IPS Empress dentin, IPS Empress 2 dentin, 
In-Ceram Alumina core, In-Ceram Spinell core, In-Ceram Zirconia core and Procera 
AllCeram core. The control was a high-noble metal-ceramic alloy and the standard was 
Vitadur Alpha opaque dentin. Specimen reflectance was measured using an integrating 
sphere attached to a spectrophotometer across the visible spectrum. Contrast ratios were 
calculated from the luminous reflectance of the specimens with a black and a white 
backing. The results showed a range of ceramic core translucency at clinically relevant 
core thicknesses. The results of this study recommended that, on the basis of 
translucency, In-Ceram Spinell is suggested to match highly translucent adjacent 
natural teeth. For teeth with moderate translucency, Empress, Procera, and Empress 2 
are possible restorative materials. In-Ceram Alumina can be used for teeth with 
moderate opacity. For opaque teeth, there may be no difference in translucency 
between In-Ceram Zirconia and metal-ceramic crowns21.  
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Interpenetrating phase resin infused ceramic 	 Interpenetrating phase composites are a relatively new class of composites that 
exhibit outstanding properties. Unlike other composites, in which ceramics are added as 
fibers or dispersed as particles in a polymer or metal matrix, interpenetrating phase 
composites are composed of a continuously connected ceramic phase infiltrated by 
another continuously connected material through capillary action. A ceramic matrix 
with a continuously connected pore space is made and then infiltrated with metal, 
polymer, or glass. The relative volume fractions of the two phases depend on the 
porosity in the ceramic matrix. This method makes it easier to include higher volume 
fractions of ceramic into the composite microstructure, since the processing limitation 
of mixing a dispersed phase in a continuous material is eliminated. The porous ceramic 
material is prepared by slip casting or pressing and then sintering to a certain density to 
develop particle–particle connections.  The interconnectivity of the ceramic phase adds 
several advantages, one of which is the fracture toughness. The strength of Al2O3/glass 
composites with an interpenetrating phase microstructure and ∼70 vol% Al2O3 is 
similar to dense Al2O3 (∼490 MPa and 4.5 MPa m1/2, respectively) 22,23. Another 
advantage of an interpenetrating phase composite is the three-dimensional 
interconnected geometry, which develops resistance to crack propagation irrespective 
of crack direction. In addition, for many of the ceramic matrix composites being 
introduced, if the matrix has the smaller strain to failure, then the unbroken second 
phase will improve the fracture resistance by bridging the matrix cracks24. Adding to 
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this, the strength, flexibility, esthetic properties, cementing ability and wear resistance 
are all improved in comparison to conventional composite resin and ceramics2.  
          Many factors can affect the final material mechanical and optical properties, such 
as particle size, density, and infused material. While some aspects of ceramic 
interpenetrating phase materials were investigated, mechanical and optical properties of 
resin infused zirconia, alumina and spinel still need to be tested.  
          In 2008, Chaiyabutr et al. investigated the effect of alumina powders with 
different particle sizes on the biaxial strength and fracture toughness of sintered 
alumina, resin-infused alumina and glass-infused alumina. The comparison, done 
between three different alumina powders, In-Ceram alumina, A16SG, and RC172, 
represents a range of particle size and shape. They were dry-pressed or, in the case of 
In-Ceram alumina, slip-cast. Blocks were sectioned into disks with a thickness of 1.5 
mm. Uninfused disks were sintered at four different temperatures between 1250 oC and 
1400 oC. Infused disks were sintered at 1250 oC for 2 hours and divided into two groups 
for glass infusion and resin infusion. Biaxial flexural strength was tested using a 
universal testing machine (Instron) at 0.5 mm/min crosshead speed. The study revealed 
that biaxial strength significantly increased after glass- and resin-infusion. It also 
showed that the biaxial strength of resin-infused alumina increased as particle size 
decreased, while the strength of glass-infused alumina was constant24.  
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          Investigating the effect of different ceramic powders with different particle size 
or shape on the mechanical and optical properties of this recently developed material 
could be beneficial. In this study, the effect of different ceramic powders on the 
microstructure, absorption coefficient, hardness and biaxial flexural strength was tested. 
The effect of two different sintering temperatures on the microstructure, absorption 
coefficient, hardness and biaxial flexural strength of resin-infused spinel was 
investigated. The effect of cyclic loading on the biaxial flexural strength of resin-
infused ceramics was also investigated.  
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OBJECTIVES 	
The objectives of this study were as follows: 
 
 
1. To investigate the effect of different ceramic powders on mechanical properties 
(hardness and biaxial flexural strength) of resin-infused zirconia.  
2. To investigate the effect of different ceramic powders on mechanical properties 
(hardness and biaxial flexural strength) of resin-infused alumina.  
3. To investigate the effect of different ceramic powders on microstructure  
and absorption coefficient of resin-infused zirconia. 
4. To investigate the effect of different ceramic powders on microstructure  
and absorption coefficient of resin-infused alumina. 
5. To investigate the effect of cyclic fatigue on the biaxial flexural strength of 
resin-infused zirconia, alumina and spinel. 
6. To investigate the effect of sintering temperature on the mechanical properties 
(hardness and biaxial flexural strength) of resin-infused spinel. 
7. To investigate the effect of sintering temperature on the microstructure and 
absorption coefficient of resin-infused spinel. 
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HYPOTHESES 	
1. There is no significant effect of different ceramic powders on the mechanical 
properties (hardness and biaxial flexural strength) of resin-infused zirconia. 
2. There is no significant effect of different ceramic powders on the mechanical 
properties (hardness and biaxial flexural strength) of resin-infused alumina. 
3. There is no significant effect of different ceramic powders on the absorption 
coefficient of resin-infused zirconia. 
4. There is no significant effect of different ceramic powders on the absorption 
coefficient of resin-infused alumina. 
5. There is no significant effect of cyclic fatigue on the biaxial flexural strength of 
resin-infused zirconia, alumina and spinel. 
6. There is no significant effect of sintering temperature on the mechanical 
properties (hardness and biaxial flexural strength) of resin-infused spinel. 
7. There is no significant effect of sintering temperature on the absorption 
coefficient of resin-infused spinel. 
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MATERIALS  
 
1. Ceramics: 
a. TOSOH-Zirconia TZ-3YSB-E powder (TOSOH corporation, Japan) 
b. TOSOH-Zirconia Zpex powder (TOSOH corporation, Japan) 
c. Taimei Alumina DS-25 powder (TAIMEI Chemicals Co., Ltd.) 
d. Almatis Alumina CT3000 SDP powder (Almatis Calcined Alumina, 
Leetsdale, PA USA). 
e. McMASTER-CARR Alumina easy to machine partially sintered ceramic 
rod (Figure	1) 
f. BAIKOWSKI S30CR Spinel powder, made into discs that were slip cast 
and partially sintered by Ceranova (Figure	2) 
 
2. Urethane Dimethacrylate resin was prepared from: 
a. 620 g Diurethane dimethacrylate (UDMA) (Polysciences #21619)  
b. 380 g Triethylene glycol dimethacrylate(TEGDMA) (Polysciences #24034) 
c. 3 g Benzoyl peroxide (BP) (Sigma Aldrich #228877) (Figure	3) 
       
      3.  Silane solution was prepared from: 
a. 200 mL ethanol 
b. 200mL RO water 
c. 4g 3- methacryloxypropyltrimethoxysilane 
d. glacial acetic acid (Figure	4) 
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Figure 1: MCM alumina partially sintered ceramic rod, 
alumina powder and Zirconia powder  
 
 
 
Figure 2: Ceranova partially sintered spinel discs 
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Figure 3: Resin components 
 
 
 
              
 
Figure 4: Silane components  
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METHODS 
 
Fabrication of porous ceramic matrix 
          A hardened steel die set of 5/8-inch (15.88mm) internal diameter was used as a 
mold for pressing. A short plug was inserted into one end of the cylinder followed by a 
1 g of the ceramic powder (TOSOH-Zirconia TZ-3YSB-E, TOSOH-Zirconia ZPEX ZY 
302092B, Taimei Aumina DS-25, Almatis Alumina CT3000 SDP) before the long plug 
was inserted into the other end of the cylinder. A load of 4,000 Newton was applied 
axially using a hydraulic press (Carver Laboratory Press). Pressure was released after 5 
minutes. Then the green ceramic discs were pushed out from the mold. (Figure	5Figure	6) 
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Figure 5: Steel die set of 5/8-inch (15.88mm) internal diameter with plug inserted 
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Figure 6: Carver Laboratory Press 
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          The green discs (20 disc in each group) were placed in a NEY Vulcan burnout 
oven (Model 3-550) for binder burnout at 600 oC at a heating rate of 5 oC/min, held for 
2 hours, then partially sintered to 1050 oC at a rate of 15 oC/min, held for 1 hour then 
cooled. (Figure	7) 
 
 
	
Figure 7: NEY Vulcan burnout oven 
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          A cylinder of partially sintered McMASTER-CARR alumina (20mm in diameter) 
was cut into discs of 1.5 mm thickness using Isomet™ 5000 precision saw, Buehler 
Ltd, at 1.9 mm position (blade thickness is .4 mm), load of 800 g and speed of 1600 
rpm. After drying, the specimens were ready to infuse. Their average density was 2.289 
g/cm3 and their average porosity was 42.50%. (Figure	8) 
 
 
	
Figure 8: Buehler, Isomet™ 5000 precision saw 
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          Ceranova porous spinel discs had an average density of 1.359 g/cm3 and an 
average porosity of 62.051% (Figure	9). They were divided into two groups: One of 
them was partially sintered to 1250 oC and the other one was partially sintered to 1350 
oC in a high-temperature sintering furnace (Zircar Hotspot 110, Zircar Zirconia, Inc.) 
with a heating rate of 10 oC/min and a hold for 2 hours at the sintering temperature. 
(Figure	10) 
 
	
Figure 9: Ceranova spinel discs ready to be sintered 
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Figure 10: Zircar Hotspot 110 Lab Furnace 
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          All the specimens were weighed with an analytic balance (Figure	11) and 
measured for diameter and thickness with a digital dial indicator (Mitutoyo, Mitutoyo 
America Corporation, USA) before and after sintering. (Figure	12) 
 
	
Figure 11: Analytic Balance 
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Figure 12: Mitutoyo digital dial indicator 
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Density calculation  
Densities were calculated from the following equation:  𝜌 = 𝑚𝑣  
 
Where 𝜌  = density (g/cm3), 
                       𝑚 = mass of porous block (g), 
                        𝑣 = volume of porous ceramic block (cm3) 
 
The fraction theoretical density was calculated from the following equation: 
∅ =  𝝆𝒑𝒐𝒓𝒐𝒖𝒔𝝆𝒇𝒖𝒍𝒍𝒚 𝒅𝒆𝒏𝒔𝒆 
 
        Where ∅ = fraction theoretical density,  
                   𝜌!"#"$% = density of porous ceramics,                       𝜌!"##$ !"#$"  = density of fully dense ceramics  
 
   The percent of ceramic phase was calculated from the following equation: 𝑃𝑒𝑟𝑐𝑒𝑛𝑡  𝑐𝑒𝑟𝑎𝑚𝑖𝑐  𝑝ℎ𝑎𝑠𝑒 %𝑐𝑒𝑟𝑎𝑚𝑖𝑐 =   ∅  ×  100 
 
Percent porosity was calculated from the following equation:  𝑃𝑒𝑟𝑐𝑒𝑛𝑡  𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦  %𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =   100 −   𝑃𝑒𝑟𝑐𝑒𝑛𝑡  𝑐𝑒𝑟𝑎𝑚𝑖𝑐  𝑝ℎ𝑎𝑠𝑒 
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Silanization 
 
          A silane treatment is needed to improve the wetting ability of the ceramics with 
the resin. A silane bath was made from 4 g of 3- methacryloxypropyltrimethoxysilane, 
200 mL Ethanol and 200 mL RO water.  The contents were swirled to mix. To adjust 
the pH, glacial acetic acid drops were added (2 drops at a time) and mixed after each 
addition. The solution pH was measured with pH paper and adjusted with acetic acid 
until pH 4 was achieved.  
          To ensure capillary action infiltration, the specimens were placed into a dish 
before gently adding silane solution until it reached half-height of the specimens. 
Specimens were kept in silane for 2 hours in a closed container to prevent evaporation 
of the silane solution (Figure	13). The specimens were then dried in an oven at 70 oC 
for 2 hours. (Figure	14) 
 
	
Figure 13: Partially sintered ceramic discs immersed in silane in a petri dish 
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Figure 14: VWR vacuum oven 
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Resin mixing protocol 
        Resin ingredients were taken out of the refrigerator so that they could come up to 
room temperature to ease the UDMA pouring. TEGDMA and BP were mixed in a 
Miller gyro mixer for 2 minutes. TEGDMA was used to lower the viscosity of the 
mixture while the benzoyl peroxide was added for initiator-induced polymerization. 
UDMA was added to the solution and the bottle was again placed in the Miller gyro 
mixer, which ran for 3 cycles of 2 minutes each. Resin was kept overnight in the cold 
room (~17 oC) to allow air bubbles to rise to the top of the resin. Resin should be stored 
in a refrigerator or cold room and it should be disposed when it becomes cloudy or 
solidifies. (Figure	15) 
 
	
Figure 15: Resin after mixing 
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Resin infusion 
          The resin infusion apparatus consists of two chambers connected with a tube to 
permit the flow of liquid resin from chamber A to chamber B under vacuum pressure as 
shown in (Figure	16 Figure	17). Resin was placed in the resin chamber (A) and 
specimens were placed in the infusion chamber (B). Both chambers were isolated, 
evacuated and left under vacuum pressure of 4x10
-2 
torr for 24 hours to ensure that air 
was removed from the interior of the cylinders and from the resin. Then, the resin 
chamber vacuum valve (7) was opened until the resin flowed from chamber A to 
chamber B. This process allowed resin to infiltrate into the ceramic through capillary 
action and minimize air trapped inside the specimens. The resin was allowed to flow 
until the samples were fully submerged in the infusion chamber. The specimens were 
left submerged in the resin for 2 hours. Finally, the system was slowly brought to 
atmospheric pressure and the specimens were taken from the chamber and kept 
submerged in the resin for 24 hrs. The system was in a room of about 17oC and 40% 
relative humidity.  
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Figure 16: The infusion apparatus 
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Figure 17: The infusion apparatus diagram 
	
A – Vacuum Pump 
B – Cold Trap 
C – Resin Reservoir Chamber 
D – Infusion (Specimen) Chamber  
E – Waste  
1 – Vacuum pump vacuum valve 
2 – Air vent 
3 – Resin chamber vacuum valve 
4 – Infusion chamber vacuum valve 
5 – Infusion chamber air vent 
6 – Resin chamber air vent  
7 – Resin supply valve 
8 – Resin drain valve 
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Heat curing process 
 
          The resin infused ceramic discs were sealed under vacuum in heat sealed plastic 
bags. Specimens were covered with resin and almost no air bubbles were left inside the 
bags. Pressure of 5,650 psi	(38.9 MPa) pump pressure 20,001 psi (137.90 MPa) 
chamber pressure was applied to the specimen bags using the isostatic pressing 
chamber (Figure	18) during the heat curing process as shown in Figure	19. 
 
	
Figure 18: Isostatic pressing chamber 	
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Figure 19: Heat curing protocol for resin infused ceramics 	
  
          The polymerized resin-infused ceramic discs were removed from the sealed bags 
(Figure	20Figure	21). Excess resin was trimmed and polished with a grinder and 
polisher machine (Buehler, EcoMet® 250 Grinder-Polisher, Product Number: 497250) 
(Figure	22 andFigure	23) with 70, 45 and 15 microns grit size, respectively. Then 6 
um and 1 um wheels were used in series with polycrystalline diamond paste (Buehler). 
After that, final densities were recorded. 
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Figure 20: Resin infused ceramics after curing 
 
	
Figure 21: Resin infused ceramics with excess resin 
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Figure 22: EcoMet® 250 Grinder-Polisher 
 
 
Figure 23: Polished specimens 
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Biaxial flexural strength test 
          The machine used in this study was a universal testing machine (Instron model 
5566A; Instron Co., Canton, MA) equipped with a 1 kN load cell, 0.8 mm load radius 
and run at a cross head speed of 0.5 mm/min until fracture occurred (Figure	24) using 
BlueHill 3 Software. Each disc was positioned centrally on the rounded tips of three 
steel rod supports on the perimeter of a circle with a diameter of 11 mm. Eight 
specimens were tested from each group. 
 
Flexural strength calculation 	
The biaxial flexural strength, 𝜎, was calculated from the following equation;  
 
                                                𝜎 =  −0.2387𝑃(𝑋 − 𝑌)/𝑑!  
 
 Where 𝜎 = biaxial flexural strength (MPa)  
P = load causing fracture (N) 
X = (1 + v) Ln (!!)! + [(1- v)/2] (!!)!, Y = (1 + v)[1 + Ln (!!)!] + (1 - v) (!!)! ]  
v = Poisson’s ratio, (0.23)  
A = radius of support circle (mm)  
B = radius of loaded area or ram tip (mm) 
C = radius of specimen (mm)  
D = specimen thickness at fracture origin (mm) 
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Figure 24: Biaxial flexural strength test 
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Cyclic fatigue loading  
          The cyclic loading apparatus consists of pneumatic powered cylinders and an 
electronic control device. For each cylinder there is a counter that displays the exact 
number of cycles during the experiment. The force applied to the specimens was 
calculated from the input air pressure multiplied by the cross section area of the piston. 
Each cycle took a second to be completed. The main control device has an automatic 
timer for automatic shut down of the machine. (Figure	25) 
          Eight specimens from each group were placed in water filled cylinders and 
subjected to a cyclic loading force of 50% of the average load to failure (Table	1). 
Specimens were cycled for 50,000 cycles.		
	
	
Figure 25: Cyclic loading apparatus 
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Table 1: Average values of load to failure 
Ceramic	material	 Load	to	failure	 50%	of	the	load	to	failure	
ZIRCONIA	TZ	 1106.9	 553.45	
ZIRCONIA	ZPEX	 478.88	 239.44	
ALUMINA	ALMATIS	 377.84	 188.92	
ALUMINA	TAIMEI	 358.48	 179.24	
ALUMINA	MCM	 250.02	 125.01	
SPINEL	1250	 255.12	 127.56	
SPINEL	1350	 320	 160	
 
          After cyclic loading, residual flexural strength of the specimens was determined 
using the universal testing machine (Instron model 5566A; Instron Co., Canton, MA). 
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Microhardness test 
          A microhardness tester (Micromet 2003, Buehler LTd., Lake Bluff, IL, USA) 
was used for the microhardness measurements (Figure	26). A Vickers diamond was 
used at 500-1000 g of force for 30-60 seconds. The mean Vickers hardness value was 
calculated from 3 indentations in each specimen for the 8 specimens in the group. Load 
and time of the Vickers microhardness tests are shown in Table	2. 
 
Microhardness calculation  
HV = 1.854 * (f / d2)  
Where HV = Vickers Hardness (kgf/mm2)  
f = Load kgf  
d = Arithmetic Mean (mm)  
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Figure 26: Buehler, Micromet 2003 
 
	
Table 2: Load and time of Vickers microhardness test 
Ceramic	material	 Number	 Load	(g)	 Time	(Seconds)	
ZIRCONIA	TZ	 8	 500	 30	
ZIRCONIA	ZPEX	 8	 500	 30	
ALUMINA	ALMATIS	 8	 1000	 60	
ALUMINA	TAIMEI	 8	 1000	 60	
ALUMINA	MCM	 8	 1000	 60	
SPINEL	1250	 8	 500	 30	
SPINEL	1350	 8	 500	 30	
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Transmission test 
 
          A Color i5 (GretagMacbeth, Switzerland), Spectrophotometer, version 7.0.28 
was used for direct transmission measurements (Figure	27). Eight to ten specimens 
from each group were tested. Each group was subdivided into two groups according to 
thickness. Half the specimens had twice the thickness of the other half. 
          After calibration of the spectrophotometer, the specimens were positioned in the 
specimen transmission holder allowing the light to hit the specimen’s center in the 
transmission compartment. An average of two readings per specimen was taken. Then, 
the absorption coefficient was calculated. 
Absorption coefficient calculation 
I = Io e-αL 
Where I  = intensity of transmitted light 
Io  = intensity of incident light 
L  = thickness of specimen 
α = absorption coefficient 
e = natural log base = 2.718 
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I1 = Io e-αL1                    I2 = Io e-αL2 
I1/I2 =  
!! !!!"!!! !!!"!  
ln (I1/I2) = ln 
 !!!"! !!!"! 
ln (I1/I2) = 𝑙𝑛(𝑒!!"!)− 𝑙𝑛(𝑒!!"!)  
ln (I1/I2) = (−𝛼𝐿1)−(−𝛼𝐿2) =−𝛼𝐿1+𝛼𝐿2 = 𝛼(𝐿2− 𝐿1) 
𝛼 = 𝑙𝑛 (𝐼!/𝐼!)(𝐿2− 𝐿1) 
I0 I2 
L2 L1 
I1 I0 
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Figure 27: Spectrophotometer 
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Statistics 
          Mean, standard deviation, and coefficient of variation for each group were 
calculated using Excel software 2011 for Windows.  
          Biaxial flexural strength (before and after cyclic fatigue), microhardness, and 
absorption coefficient data were recorded. One-way ANOVA plus Tukey-Kramer HSD 
were used to test for significant difference (p < 0.05) among different groups. For each 
group, a t-test was used to compare biaxial strength means before and after cyclic 
fatigue.	
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Examination of microstructure 
          Specimens from each group were randomly selected for microstructure analysis. 
Each specimen was polished to a 1µm finish, sonicated, dried and sputter coated with 
gold/palladium.  A scanning electron microscope (Field Emission Variable Pressure 
Analytic Scanning Electron Microscope- FESEM-VP- Hitachi SU6600, with Oxford 
Instrument AZtec X-Max 50 SDD Energy Dispersive Spectrometer, Hitachi High Tech, 
Oxford Instruments) was used to investigate the morphology of microstructure such as 
interconnected structure of resin-infused ceramics and defects of the materials. (Figure	28)  
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Figure 28: Scanning electron microscope 
 
 
 
 
 
 				
50	
RESULTS 
 
Average densities of partially sintered ceramics 
          The densities of partially sintered ceramic specimens at different sintering 
temperatures are shown in Table	3 and Figure	29. 
Table 3: Average densities of partially sintered ceramic specimens 
Ceramic	material	 Sintering	
temperature	
(oC)	
Average	
density	
(g/cm3)	
SD	 Coefficient	
of	variation	
(%)	
Porosity	
	(%)	
ZIRCONIA	TZ	 1050	 2.98	 0.05	 1.6	 50.81	
ZIRCONIA	ZPEX	 1050	 3.16	 0.17	 5.5	 47.78	
ALUMINA	ALMATIS	 1050	 2.29	 0.17	 7.5	 42.55	
ALUMINA	TAIMEI	 1050	 2.37	 0.13	 5.7	 40.39	
ALUMINA	MCM	 1050	 2.29	 0.11	 4.6	 42.5	
SPINEL	1250	 1250	 1.82	 0.02	 1.2	 49.09	
SPINEL	1350	 1350	 2.26	 0.12	 5.3	 36.96	
	
Figure 29: Average densities of partially sintered ceramic specimens 
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Biaxial flexural strength of partially sintered resin-infused ceramics 	
          Mean biaxial flexural strength values of partially sintered resin-infused ceramic 
discs are shown in Table	4 and Figure	30. 
Table 4: Biaxial flexural strengths for resin-infused ceramics 
Ceramic	material	 Flexural	strength	
(MPa)	
SD	 Coefficient	of	
variation	(%)	
ZIRCONIA	TZ	 239.06	 23.34	 9.76	
ZIRCONIA	ZPEX	 185.56	 20.31	 10.94	
ALUMINA	ALMATIS	 183.3	 21.29	 11.62	
ALUMINA	TAIMEI	 226.65	 38.10	 16.81	
ALUMINA	MCM	 276.69	 23.71	 8.57	
SPINEL	1250	 239.81	 64.95	 27.08	
SPINEL	1350	 287.29	 142.21	 49.50	
	
	
	
Figure 30: Biaxial flexural strengths for resin-infused ceramics	
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Biaxial flexural strength after cyclic loading of partially sintered resin-infused 
ceramics 	
          Mean biaxial flexural strength values after cyclic loading (50,000 cycles) of 
partially sintered resin-infused ceramic discs are shown in Table	5 and Figure	31. 
Table 5: Biaxial flexural strengths after cyclic fatigue for resin-infused ceramics 
Ceramic	material	 Flexural	strength	
after	cyclic	
loading	(MPa)	
SD	 Coefficient	of	
variation	(%)	
ZIRCONIA	TZ	 200.85	 16.64	 8.28	
ZIRCONIA	ZPEX	 202.1	 27.82	 13.76	
ALUMINA	ALMATIS	 156.84	 23.72	 15.12	
ALUMINA	TAIMEI	 189.48	 39.48	 20.84	
ALUMINA	MCM	 264.01	 18.17	 6.88	
SPINEL	1250	 144.46	 23.43	 16.22	
SPINEL	1350	 242.01	 35.35	 14.56	
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Figure 31: Biaxial flexural strengths after cyclic loading for resin- infused 
ceramics 
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Vickers microhardness of partially sintered resin-infused ceramics  	
          Mean microhardness values of partially sintered resin-infused ceramic discs are 
shown in Table	6 and Figure	32. 
Table 6: Vickers microhardness for resin-infused ceramics 
Ceramic	material	 Hardness	(HV)	
(kgf/mm2)	
SD	 Coefficient	of	
variation	(%)	
ZIRCONIA	TZ	 98.26	 7.47	 7.60	
ZIRCONIA	ZPEX	 131.7	 10.76	 8.17	
ALUMINA	ALMATIS	 128.3	 7.04	 5.49	
ALUMINA	TAIMEI	 294.85	 8.79	 2.98	
ALUMINA	MCM	 308.9	 5.14	 1.66	
SPINEL	1250	 142.42	 17.03	 11.96	
SPINEL	1350	 260.02	 25.17	 9.68	
	
	
	
Figure 32: Vickers microhardness for resin-infused ceramics 
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Absorption coefficient of partially sintered resin-infused ceramics  	
          Mean absorption coefficient values of partially sintered resin-infused ceramic 
discs are shown in Table	7 and Figure	33. 
Table 7: Absorption coefficient for resin-infused ceramics 
Ceramic	Material	 Absorption	
Coefficient	(mm-1)	
SD	 Coefficient	of	
variation	(%)	
ZIRCONIA	TZ	 1.16	 0.44	 38.24	
ZIRCONIA	ZPEX	 1.12	 0.19	 16.97	
ALUMINA	ALMATIS	 1.836	 0.38	 20.80	
ALUMINA	TAIMEI	 0.916	 0.36	 3.90	
ALUMINA	MCM	 1.29	 0.62	 47.84	
SPINEL	1250	 1.011	 0.17	 16.70	
SPINEL	1350	 0.69	 0.42	 60.90	
	
	
Figure 33: Absorption coefficient for resin-infused ceramics		 	
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STATISTICAL ANALYSIS 
 
Biaxial flexural strength of partially sintered resin-infused ceramics  
 
          Mean biaxial flexural strength values of ceramic discs were analyzed and 
compared with One-way ANOVA and comparison for all pairs using Tukey-Kramer 
HSD as shown in Table	8Table	9.  
          The biaxial flexural strength of resin-infused TZ zirconia and Zpex zirconia were 
not significantly different. The null hypothesis that there is no significant effect of 
ceramic powder type on the biaxial flexural strength of resin-infused zirconia was 
accepted.  
          The biaxial flexural strength of resin-infused alumina MCM was significantly 
greater than Almatis alumina. The null hypothesis that there is no significant effect of 
ceramic powder on the biaxial flexural strength of resin-infused alumina was rejected.  
          There was no significant difference in the biaxial flexural strength of resin-
infused spinel sintered at 1250 oC and resin-infused spinel sintered at 1350 oC. The null 
hypothesis that there is no significant effect of the sintering temperatures of 1250 oC 
and 1350 oC on the biaxial flexural strength of resin-infused spinel was accepted.  
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Table 8: One-way ANOVA of specimens’ biaxial flexural strength (MPa) by group 
Ceramic	material	 Number	 Mean	 Std	Dev	
Std	Err	
Mean	
95%	Confidence	
interval	
Lower	CL	 Upper	CL	
ZIRCONIA	TZ	 8	 239.06	 23.34	 8.25	 219.55	 258.58	
ZIRCONIA	ZPEX	 8	 185.56	 20.31	 7.18	 168.58	 202.54	
ALUMINA	ALMATIS	 8	 183.3	 21.29	 7.53	 165.50	 201.11	
ALUMINA	TAIMEI	 8	 226.65	 38.10	 13.47	 194.80	 258.50	
ALUMINA	MCM	 8	 276.69	 23.71	 8.38	 256.86	 296.51	
SPINEL	1250	 6	 239.81	 64.95	 26.52	 171.65	 307.98	
SPINEL	1350	 5	 287.29	 142.21	 63.60	 110.71	 463.87	
 
 
Table 9: Connecting Letter Report of specimens’ biaxial flexural strength by 
group 
Ceramic	Material	
Level	
Statistical	Significance	
SPINEL	1350	 A	 	
ALUMINA	MCM	 A	 	
SPINEL	1250	 A	 B	
ZIRCONIA	TZ	 A	 B	
ALUMINA	TAIMEI	 A	 B	
ZIRCONIA	ZPEX	 	 B	
ALUMINA	ALMATIS	 	 B	
Levels	not	connected	by	same	letter	are	significantly	different	
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Biaxial flexural strength of partially sintered resin-infused ceramics before and 
after cyclic fatigue  
          Mean biaxial flexural strengths of resin-infused ceramic discs before and after 
cyclic fatigue (50,000 cycles) are shown for each group separately from Table	10 to Table	16.  
          The biaxial flexural strength values of resin-infused TZ zirconia, Almatis 
alumina and spinel 1250 were significantly less after the cyclic fatigue forces were 
applied. The null hypothesis that there is no significant effect of cyclic fatigue on the 
biaxial flexural strength of resin-infused ceramics was rejected. 
 
Zirconia TZ: 
Table 10: Biaxial flexural strength of resin-infused TZ zirconia  
Level	 Number	 Mean	 Std	Dev	 Std	Err	Mean	
95%	Confidence	
interval	
Lower	CL	 Upper	CL	
Zirconia	TZ	 8	 239.07	 23.34	 8.25	 219.55	 258.58	
Zirconia	TZ	
	(cyclic-fatigued)	 8	 200.85	 16.64	 5.88	 186.95	 214.76	
	
          T-test revealed that the biaxial flexural strength of resin-infused TZ zirconia was 
significantly lower after the cyclic fatigue test at p < 0.05. 
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Zirconia Zpex: 
Table 11: Biaxial flexural strength of resin-infused Zpex zirconia  
Level	 Number	 Mean	 Std	Dev	 Std	Err	Mean	
95%	Confidence	
interval	
Lower	CL	 Upper	CL	
Zirconia	Zpex	 8	 185.56	 20.31	 7.18	 168.58	 202.54	
Zirconia	Zpex	
	(cyclic-fatigued)	 8	 202.10	 27.82	 9.84	 178.85	 225.36	
	
T-test revealed that the biaxial flexural strength of resin-infused Zpex zirconia was not 
significantly different after the cyclic fatigue test at p < 0.05. 
Alumina Almatis: 
Table 12: Biaxial flexural strength of resin-infused Almatis alumina  
Level	 Number	 Mean	 Std	Dev	 Std	Err	Mean	
95%	Confidence	
interval	
Lower	CL	 Upper	CL	
Alumina	Almatis	 8	 183.30	 21.29	 7.53	 165.50	 201.11	
Alumina	Almatis	
(cyclic-fatigued)	 8	 156.84	 23.71	 8.38	 137.02	 176.66	
	
T-test revealed that the biaxial flexural strength of resin-infused Almatis alumina was 
significantly lower after the cyclic fatigue test at p < 0.05. 
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Alumina	Taimei:	
Table 13: Biaxial flexural strength of resin-infused Taimei alumina  
Level	 Number	 Mean	 Std	Dev	 Std	Err	Mean	
95%	Confidence	
interval	
Lower	CL	 Upper	CL	
Alumina	Taimei	 8	 226.65	 38.10	 13.47	 194.80	 258.50	
Alumina	Taimei	
(cyclic-fatigued)	 8	 189.48	 39.96	 13.96	 156.47	 222.49	
	
T-test revealed that the biaxial flexural strength of resin-infused Taimei alumina was 
not significantly different after the cyclic fatigue test at p < 0.05. 
Alumina MCM: 
Table 14: Biaxial flexural strength of resin-infused MCM alumina  
Level	 Number	 Mean	 Std	Dev	 Std	Err	Mean	
95%	Confidence	
interval	
Lower	CL	 Upper	CL	
Alumina	MCM	 8	 276.69	 23.71	 8.38	 256.86	 296.51	
Alumina	MCM	
(cyclic-fatigued)	 8	 264.01	 18.17	 6.42	 248.82	 279.20	
	
T-test revealed that the biaxial flexural strength of resin-infused MCM alumina was not 
significantly different after the cyclic fatigue test at p < 0.05. 
 
61	
Spinel 1250: 
Table 15: Biaxial flexural strength of resin-infused spinel 1250 
Level	 Number	 Mean	 Std	Dev	 Std	Err	Mean	
95%	Confidence	
interval	
Lower	CL	 Upper	CL	
Spinel	1250	 6	 239.81	 64.95	 26.52	 171.65	 307.98	
Spinel	1250	
(cyclic-fatigued)	 6	 144.31	 18.15	 7.41	 125.26	 163.35	
	
T-test revealed that the biaxial flexural strength of resin-infused spinel 1250 was 
significantly lower after the cyclic fatigue test at p < 0.05. 
Spinel 1350: 
Table 16: Biaxial flexural strength of resin-infused spinel 1350 
Level	 Number	 Mean	 Std	Dev	 Std	Err	Mean	
95%	Confidence	
interval	
Lower	CL	 Upper	CL	
Spinel	1350	 5	 287.29	 142.21	 63.60	 110.7	 463.87	
Spinel	1350	
(cyclic-fatigued)	 5	 242.74	 35.35	 15.81	 198.85	 286.64	
	
T-test revealed that the biaxial flexural strength of resin-infused spinel 1350 was not 
significantly different after the cyclic fatigue test at p < 0.05. 
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Table 17: One-way ANOVA of specimens’ biaxial flexural strength (MPa) after 
cyclic fatigue by group 
Ceramic	material	 Number	 Mean	 Std	Dev	
Std	Err	
Mean	
95%	Confidence	
interval	
Lower	CL	 Upper	CL	
ZIRCONIA	TZ	 8	 200.85	 16.64	 5.88	 186.95	 214.76	
ZIRCONIA	ZPEX	 8	 202.10	 27.82	 9.84	 178.85	 225.36	
ALUMINA	ALMATIS	 8	 156.84	 23.72	 8.38	 137.02	 176.66	
ALUMINA	TAIMEI	 8	 189.48	 39.48	 13.96	 156.47	 222.49	
ALUMINA	MCM	 8	 264.01	 18.17	 6.42	 248.82	 279.20	
SPINEL	1250	 6	 144.46	 23.43	 7.41	 125.26	 163.35	
SPINEL	1350	 5	 242.01	 35.35	 15.81	 198.85	 286.64	
 
Table 18: Connecting Letter Report of specimens’ biaxial flexural strength after 
cyclic fatigue by group 
Connecting	Letter	Report	
Ceramic	Material	
Level	
Statistical	Significance	
ALUMINA	MCM	 A	 	 	 	 	
SPINEL	1350	 A	 B	 	 	 	
ZIRCONIA	ZPEX	 	 B	 C	 	 	
ZIRCONIA	TZ	 	 B	 C	 	 	
ALUMINA	TAIMEI	 	 	 C	 D	 	
ALUMINA	ALMATIS	 	 	 	 D	 E	
SPINEL	1250	 	 	 	 	 E	
Levels	not	connected	by	same	letter	are	significantly	different	
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Table 19: One-way analysis of static and cyclic biaxial strength by group 
Connecting	Letter	Report	
Ceramic	Material	
Level	
Statistical	Significance	
SPINEL	1350	 A	 	 	 	 	
ALUMINA	MCM	 A	 	 	 	 	
ALUMINA	MCM	
(cyclic-fatigued)	
A	 B	 	 	 	
SPINEL	1350	
(cyclic-fatigued)	
A	 B	 C	 	 	
SPINEL	1250	 A	 B	 C	 	 	
ZIRCONIA	TZ	 A	 B	 C	 	 	
ALUMINA	TAIMEI	 A	 B	 C	 D	 	
ZIRCONIA	ZPEX	
(cyclic-fatigued)	
	 B	 C	 D	 E	
ZIRCONIA	TZ	
(cyclic-fatigued)	
	 B	 C	 D	 E	
ALUMINA	TAIMEI	
(cyclic-fatigued)	
	 	 C	 D	 E	
ZIRCONIA	ZPEX	 	 	 C	 D	 E	
ALUMINA	ALMATIS	 	 	 C	 D	 E	
ALUMINA	ALMATIS	
(cyclic-fatigued)	
	 	 	 D	 E	
SPINEL	1250	
(cyclic-fatigued)	
	 	 	 	 E	
Levels	not	connected	by	same	letter	are	significantly	different		
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Vickers microhardness of partially sintered resin-infused ceramics  
 
          Mean Vickers microhardness values of ceramic discs were analyzed and 
compared with One-way ANOVA and comparison for all pairs using Tukey-Kramer 
HSD as shown in Table	20Table 21. 
          The microhardness of resin-infused TZ zirconia was significantly lower than 
Zpex zirconia. The hardness of resin infused MCM alumina and Taimei alumina were 
significantly higher than Almatis alumina. The null hypotheses that there is no 
significant effect of ceramic powder on the hardness of resin-infused zirconia and resin-
infused alumina were rejected. 
          The hardness of resin-infused spinel 1350 was significantly higher than resin-
infused spinel 1250. The null hypothesis that there is no significant effect of sintering 
temperature on the hardness of resin-infused spinel was rejected.  
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Table 20: One-way ANOVA of specimens’ Vickers microhardness by group 
Ceramic	material	 Number	 Mean	 Std	Dev	
Std	Err	
Mean	
95%	Confidence	
interval	
Lower	
CL	
Upper	
CL	
ZIRCONIA	TZ	 8	 98.26	 7.47	 2.64	 92.02	 104.51	
ZIRCONIA	ZPEX	 8	 131.7	 10.76	 3.81	 122.7	 140.7	
ALUMINA	ALMATIS	 8	 128.3	 7.04	 2.49	 122.29	 134.06	
ALUMINA	TAIMEI	 8	 294.85	 8.79	 3.11	 287.5	 302.2	
ALUMINA	MCM	 8	 308.9	 5.14	 1.82	 304.60	 313.20	
SPINEL	1250	 7	 142.42	 17.03	 6.44	 126.68	 158.18	
SPINEL	1350	 8	 260.02	 25.17	 8.90	 238.98	 281.07	
 
Table 21: One-way analysis of Vickers microhardness by group 
Connecting	Letter	Report	
Ceramic	Material	
Level	
Statistical	Significance	
ALUMINA	MCM	 A	 	 	 	
ALUMINA	TAIMEI	 A	 	 	 	
SPINEL	1350	 	 B	 	 	
SPINEL	1250	 	 	 C	 	
ZIRCONIA	ZPEX	 	 	 C	 	
ALUMINA	ALMATIS	 	 	 C	 	
ZIRCONIA	TZ	 	 	 	 D	
Levels	not	connected	by	same	letter	are	significantly	different	
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Absorption coefficient of partially sintered resin-infused ceramic specimens 
 
          Mean absorption coefficient values of ceramic discs were analyzed and compared 
with One-way ANOVA and comparison for all pairs using Tukey-Kramer HSD as 
shown in Table	22Table	23. 
         The absorption coefficient of resin-infused TZ zirconia and Zpex zirconia were 
not significantly different. The null hypothesis that there is no significant effect of 
ceramic powder on the absorption coefficient of resin-infused zirconia was accepted. 
         The absorption coefficient of resin-infused Almatis alumina was significantly 
higher than Taimei alumina. The null hypothesis that there is no significant effect of 
ceramic powder on the absorption coefficient of resin-infused alumina was rejected.  
         The absorption coefficient values of resin-infused spinel sintered at 1250 oC and 
1350 oC were not significantly different. The null hypothesis that there is no significant 
effect of sintering temperature on the absorption coefficient of resin-infused spinel was 
accepted.  
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Table 22: One-way ANOVA of specimens’ absorption coefficient by group 
Ceramic	material	 Number	 Mean	 Std	Dev	
Std	Err	
Mean	
95%	Confidence	
interval	
Lower	
CL	
Upper	
CL	
ZIRCONIA	TZ	 5	 1.157	 0.443	 0.198	 0.608	 1.707	
ZIRCONIA	ZPEX	 5	 1.115	 0.189	 0.085	 0.880	 1.350	
ALUMINA	ALMATIS	 4	 1.837	 0.382	 0.191	 1.229	 2.444	
ALUMINA	TAIMEI	 4	 0.916	 0.036	 0.018	 0.859	 0.973	
ALUMINA	MCM	 5	 1.292	 0.618	 0.276	 0.524	 2.059	
SPINEL	1250	 5	 1.011	 0.169	 0.075	 0.801	 1.220	
SPINEL	1350	 5	 0.691	 0.421	 0.188	 0.169	 1.213	
 
Table 23: One-way analysis of absorption coefficient by group 
Ceramic	Material	
Level	
Statistical	Significance	
ALUMINA	ALMATIS	 A	 	
ALUMINA	MCM	 A	 B	
ZIRCONIA	TZ	 A	 B	
ZIRCONIA	ZPEX	 A	 B	
SPINEL	1250	 	 B	
ALUMINA	TAIMEI	 	 B	
SPINEL	1350	 	 B	
Levels	not	connected	by	same	letter	are	significantly	different	
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Statistical correlation between porosity and biaxial strength 
 
           There is no statistical correlation between porosity and biaxial strength as shown 
in Figure	34.
	
Figure 34: Correlation between porosity and strength 
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Statistical correlation between porosity and absorption coefficient 
          There is no statistical correlation between porosity and coefficient of absorption 
as shown in Figure	35.
	
Figure 35: Correlation between porosity and absorption coefficient 
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Correlation between biaxial flexural strength and ceramic volume percentage  
 
          All the materials showed correlation using a quadratic polynomial fit (p < 0.05). 
In the tested range, resin-infused zirconia and resin-infused spinel showed the 
maximum biaxial flexural strength versus matrix density, while resin-infused alumina 
showed minimum biaxial flexural strength versus matrix density. (Figure	36) 
 	
	
Figure 36: Correlation between biaxial flexural strength and ceramic volume 
percentage 	
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Scanning electron microscope  
         Each material was investigated with a scanning electron microscope at 5000, 
10,000, and 20,000x magnifications for characterization. Results are shown in Figures 
34 to 80. 
1. Resin-infused TZ zirconia sintered at 1050 °C (Figure	37:	SEM	picture	of	resin-infused	TZ	zirconia	sintered	at		1050	°C,	5000x	magnification to 39)   
2. Resin-infused Zpex zirconia sintered at 1050 °C (Figure	40Figure	42)   
3. Resin-infused Almatis alumina sintered at 1050 °C (Figure	43Figure	45)   
4. Resin-infused Taimei alumina sintered at 1050 °C (Figure	46Figure	48)   
5. Resin-infused pre-sintered MCM alumina (Figure	49Figure	51)   
6. Resin-infused spinel sintered at 1250 °C (Figure	52Figure	54) 
7. Resin-infused spinel sintered at 1350 °C (Figure	55Figure	57) 
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1.  SEM pictures of resin-infused TZ zirconia sintered at 1050 °C (Figure	37 to 39).   
		 	
Figure 37: SEM picture of resin-infused TZ zirconia sintered at  
1050 °C, 5000x magnification 		
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Figure 38: SEM picture of resin-infused TZ zirconia sintered at  
1050 °C, 10,000x magnification 	
					 	
Figure 39: SEM picture of resin-infused TZ zirconia sintered at  
1050 °C, 20,000x magnification 	
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2. SEM pictures of resin-infused Zpex zirconia sintered at 1050 °C  (Figure	40	to	42)            
	
Figure 40: SEM picture of resin-infused Zpex zirconia sintered at  
1050 °C, 5,000x magnification 
		 	
Figure 41: SEM picture of resin-infused Zpex zirconia sintered at  
1050 °C, 10,000x magnification 	
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Figure 42: SEM picture of resin-infused Zpex zirconia sintered at  
1050 °C, 20,000x magnification 	3.	SEM pictures of resin-infused Almatis alumina sintered at 1050 °C (Figure	43Figure	45).	
							 	
Figure 43: SEM picture of resin-infused Almatis alumina sintered at  
1050 °C, 5000x magnification 
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Figure 44: SEM picture of resin-infused Almatis alumina sintered at  
1050 °C, 10,000x magnification 
 
     
Figure 45: SEM picture of resin-infused Almatis alumina sintered at  
1050 °C, 20,000x magnification 	
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4. SEM pictures of resin-infused Taimei alumina sintered at 1050 °C (Figure	46 Figure	48).		
	
Figure 46: SEM picture of resin-infused Taimei alumina sintered at  
1050 °C, 5000x magnification 
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Figure 47: SEM picture of resin-infused Taimei alumina sintered at  
1050 °C, 10,000x magnification		
																		 	
Figure 48: SEM picture of resin-infused Taimei alumina sintered at  
1050 °C, 20,000x magnification 5.		SEM pictures of resin-infused pre-sintered MCM alumina (Figure	49Figure	51).		
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Figure 49: SEM picture of resin-infused pre-sintered MCM alumina, 5000x 
magnification 
 
																	 	
Figure 50: SEM picture of resin-infused pre-sintered MCM alumina, 10,000x 
magnification 	
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Figure 51: SEM picture of resin-infused pre-sintered MCM alumina, 20,000x 
magnification 	
6. SEM pictures of resin-infused spinel sintered at 1250 °C (Figure	52Figure	54). 
																	 	
Figure 52: SEM picture of resin-infused spinel sintered at  
1250 °C, 5000x magnification 	
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Figure 53: SEM picture of resin-infused spinel sintered at  
1250 °C, 10,000x magnification 
 
																 	
Figure 54: SEM picture of resin-infused spinel sintered at  
1250 °C, 20,000x magnification 
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7.    SEM pictures of resin-infused spinel sintered at 1350 °C (Figure	55Figure	57). 	
							 	
Figure 55: SEM picture of resin-infused spinel sintered at  
1350 °C, 5000x magnification 
 
     
Figure 56: SEM picture of resin-infused spinel sintered at  
1350 °C, 10,000x magnification 
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Figure 57:SEM picture of resin-infused spinel sintered at  
1350 °C, 20,000x magnification 
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          SEM pictures of TZ zirconia and Taimei alumina sintered to 1050 °C show 
interconnected networks. All particles were interconnected to each other, particle edges 
became rounded and wide necking existed. 
           SEM pictures of Zpex zirconia sintered to 1050 °C show that a majority of large 
ceramic particles were interconnected to each other but some small particles remained 
isolated. 
          Pictures of Almatis alumina sintered to 1050 °C demonstrate that large ceramic 
particles started connecting to each other, but that most of ceramic particles remained 
isolated with sharp edges. 
          Pictures of presintered MCM alumina show large ceramic particles. The particles 
had sharp edges with some necking. 
          Pictures of Ceranova spinel sintered to 1250°C show interconnected structures 
and few isolated small particles. At 1350 °C, all particles were interconnected to each 
other. The particle edges became rounded and had wide necking. The distance between 
ceramic particles was reduced in comparison to spinel 1250.  
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DISCUSSION 
 
Effect of ceramic powder and sintering temperature on biaxial flexural strength of 
resin-infused ceramics 
 
          Ceramic materials are strong under compression but they are brittle and unable to 
withstand high tensile stresses in functional loading. Tensile strength is an important 
requirement for the clinical success of dental restorations. Uniaxial strength tests have 
been used to test the strength of dental ceramics. However, in most prosthetic 
restorations, a state of biaxial stress exists. Biaxial flexure tests, such as piston-on-ring 
(or piston-on-three-ball) tests, are being used increasingly to measure the strength of 
dental ceramics25. Biaxial flexure testing is a reliable method for studying the strength 
of brittle materials. 
          The biaxial flexural strength of TOSOH TZ zirconia and Zpex sintered at 1050°C 
were not significantly different although Zpex zirconia particle size was smaller and the 
biaxial strength of Almatis alumina and Taimei alumina were not significantly different 
even though Taimei alumina particles were smaller and more homogenous. Also, MCM 
alumina that has big particle size had significantly greater strength than Almatis 
alumina. 
          This is in agreement with Guazzato 2004, who compared two lithium disilicate 
glass-ceramics, Empress 2 and a new pressable experimental material developed by 
Ivoclar with the same chemical composition as Empress 2 but with preferred crystal 
orientations. They reported that although the grain sizes were different, this did not 
result in any significant difference in the strength26. 
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          Conversely, Chaiyabutr et al., investigated the effect of alumina powders of 
different particle sizes on biaxial strength and the results showed that when the matrices 
were formed of small particle size, more bridging was developed between particle 
grains. The presence of bridges will enhance strength, so when the particle size 
decreased the biaxial strength of resin-infused alumina increased24.  
         In general, ceramic strength increases during the sintering process because of 
densification, reduction of porosities size and number, and the formation of the bridges 
between particle grains. This is not directly applicable in the case of interpenetrating 
phase composites since porosity is reduced through the infiltration of the second phase. 
In this special microstructure, in addition to the grain size and porosity, the volume 
fraction of the resin will also affect the strength. The relation between the volume 
fraction of the resin and the strength of resin-infused ceramics is not a linear 
relationship. An optimum volume fraction of the resin exists somewhere between the 
fully dense ceramic structure and the pure resin structure to develop a material with 
better mechanical and optical properties.  
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Effect of cyclic fatigue on biaxial flexural strength of resin-infused zirconia, 
alumina and spinel 
 
          In most instances, teeth and dental restorations are subjected to stresses that are 
low in value and repetitive (fatigue) rather than a single, high impact load 27. Fatigue 
tests have been used as an essential research tool to test restorative materials, because 
they replicate a cyclic loading pattern comparable to physiologic function and so it can 
reproduce the results of time-consuming clinical trials.  
          Resin-infused TZ zirconia, Almatis alumina and spinel 1250 had significantly 
lower biaxial strength values after cyclic fatigue. Those values were not significantly 
different for the other groups. 
          Rosentritt et al. 2006, reported a reduction in load-bearing capacity of all-ceramic 
restorations as a result of simulated functional loading. Under functional loading, even 
the high strength zirconia-based materials can undergo fatigue. Subcritical crack growth 
can considerably reduce their strength over time and eventually cause catastrophic 
failure. An oral environment generally accelerates subcritical crack growth in ceramics 
and may lead to uncontrolled transformation from the tetragonal to the monoclinic 
phase of Y-TZP; both decrease the ceramic strength.  
Kohorst reported in 2008 that cyclic fatigue proved to decrease the strength of zirconia 
dental bridges. Other authors also recorded a reduction in zirconia-based dental 
restorations strength by about 20% after aging.  
          Crack typically started from any pre-existing defects, and under tension, 
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localized stress concentrations will occur. The failure can be initiated from any pores, 
weak area in microstructure, like polymer in polymer infused ceramics, or some 
intrinsic flaws.  
Some other studies applied thermal cycling in addition, which, as explained by 
Rosentritt et al., is responsible for a significant reduction in strength28,29.  
          Contrary to those investigations, Curtis et al. did not observe a reduction in the 
strength of zirconia specimens after cyclic fatigue, either in dry or in wet atmospheres; 
they even increased29.  
           In resin-infused ceramics, since they are composed of two bonded different 
phases with different moduli of elasticity, the stresses will be distributed in a non-
homogenous pattern. One advantage of an interpenetrating structure is a three-
dimensional interconnected geometry, which enhances the resistance to crack 
propagation regardless of the direction of the crack and if the matrix has the smaller 
strain to failure, then the unbroken resin phase will serve to resist the fracture by 
bridging matrix cracks.  
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Effect of ceramic powder on microhardness of resin-infused alumina and zirconia 
 
         Hardness is defined as the material resistance to permanent surface indentation or 
penetration. It is an important parameter that can describe the mechanical properties of 
a material on a microscopic scale30.  
          Zpex zirconia had a significantly higher hardness value than TZ zirconia. This 
can be explained by the smaller grain size, microstructure uniformity and more dense 
structure that the Zpex zirconia had. This also explains the significantly greater 
hardness of Taimei alumina in comparison to Almatis alumina.  
          Fully sintered alumina and zirconia generally have higher values of Vickers 
hardness than resin-infused alumina and zirconia. This can be explained by the lower 
modulus of elasticity of the second phase. Grain size, density, indenter size in relation 
to grain size, and the hardness of two different phases are factors affecting the resin-
infused ceramic hardness. 
 
Effect of sintering temperature on microhardness of resin-infused spinel 
 
         In this study, increasing the sintering temperature significantly increased the 
hardness of resin-infused spinel specimens, since increasing the sintering temperature 
increased the density of a spinel ceramic. As density increases, the number and size of 
defects will be reduced.  
 
 
 
90	
Effect of ceramic powder and sintering temperature on absorption coefficient of 
resin-infused ceramics 
 										Ceramic materials provide a wide range of translucency. This variability has to be 
considered for the selection of suitable materials in different clinical situations. 
Translucency is also related to the required thickness clinically20. 
          Crystalline content can be increased to strengthen a ceramic but this generally 
results in greater opacity21. Size of the particles compared to the incident light 
wavelength can also affect opacity. Grain size also affects light scattering; as the grain 
size is reduced, the grain number will increase and so the scattering effect of grain 
boundaries will increase. 
          Crystal structure of alumina and zirconia are anisotropic but spinel has a cubic 
isotropic structure. Anisotropic crystals reflect more light than isotropic and as the grain 
boundaries reflect more light then the transmission of light will be reduced.  
         In resin-infused ceramics, an additional factor can affect the transmission, which 
is the lower index of refraction of the resin. The closer the indices of refraction of the 
two phases, the more transmission at the interface of the two phases. 
         According to Pecho et al., 3Y-TZP ceramic systems were considered opaque due 
to their high refractive index and absorption coefficient. Its opacity can be attributed to 
the density, homogeneity and a particle size that is slightly greater than the wavelength 
of the incident light. Different grades of zirconia can show different levels of 
translucency. Pressing methods, different additives (stabilizing oxides) and sintering 
conditions can also affect the translucency31. So material translucency doesn’t depend 
only on absorption coefficient.  
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          In this study, no significant difference was found between the absorption 
coefficients of TZ and Zpex zirconias. The absorption coefficient of Almatis alumina is 
significantly greater than that of Taimei alumina. Sintering temperatures of 1250°C and 
1350°C did not cause a significant difference in absorption coefficient of resin-infused 
spinel. The following picture shows the transmission of a specimen of 1.00 mm 
thickness from each group on a transilluminator  (Figure	58).  
 
 
	
Figure 58: Specimens on transilluminator 
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CONCLUSIONS 
 
Within the limitations of this in vitro study, the following conclusions can be drawn: 
1. Using different ceramic powder had no significant effect on the biaxial flexural 
strength of resin-infused zirconia. 
2. Resin-infused Zpex zirconia had significantly greater microhardness than resin-
infused TZ zirconia. 
3. Resin-infused MCM alumina had significantly greater biaxial flexural strength 
than resin-infused Almatis alumina. 
4. Resin-infused MCM alumina and Taimei alumina had significantly greater 
microhardness than resin-infused Almatis alumina. 
5. Using different ceramic powder had no significant effect on the absorption 
coefficient of resin-infused zirconia. 
6. Resin-infused Almatis alumina had significantly greater absorption coefficient 
than resin-infused Taimei alumina. 
7. Cyclic fatigue significantly reduced the biaxial flexural strength of resin-infused 
TZ zirconia, Almatis alumina and spinel 1250. 
8. Cyclic fatigue had no significant effect on the biaxial flexural strength of resin-
infused Zpex zirconia, MCM alumina, Taimei alumina and spinel 1350. 
9. Increasing sintering temperature from 1250°C to 1350°C had no significant 
effect on the biaxial flexural strength of resin-infused spinel.  
10. Increasing sintering temperature from 1250°C to 1350°C significantly increased 
the microhardness of resin-infused spinel.  
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11. Increasing sintering temperature from 1250°C to 1350°C had no significant 
effect on the absorption coefficient of resin-infused spinel. 
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